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Integrating microalgae cultivation into anaerobic digestion (AD) for nutrient recycling 
and potential digester improvement is a potentially promising route for energy 
recovery from food waste. In this context, this study was conceived to investigate two 
things: 1) the co-digestion performance of food waste and Chlorella vulgaris (C. 
vulgaris), which includes determining the optimal mixing ratio and the effect of 
pretreatment of the microalgae on co-digestibility, and 2) the suitability of AD effluent 
as a growth medium for C. vulgaris. 
In the first part, food waste and microalgae were mixed and digested with ratios 
where 25%, 50% and 75% of food waste were replaced by microalgae on a volatile 
solids (VS) basis, corresponding to carbon to nitrogen ratios (C/N ratios) of 13.3, 10 
and 8.07 respectively. Subsequently, the pretreatments of microalgae included 
thermal pretreatment at 100 0C for 45 min to 1 hr, and ultrasonic disintegration at an 
energy dose of 180 J/ml. In the second part, AD effluent was obtained from a 2L semi-
continuous reactor digesting only food waste, and then centrifuged and the 
supernatant diluted to 12.5%. The resulting diluted effluent was then tested for 
cultivating C. vulgaris. 
Results showed that none of the co-digestion mixtures, pretreated or not, achieved 
final methane yields that were higher than digestion of food waste alone. No 
synergistic effects were observed, and most mixtures, especially those with 
pretreated microalgae, produced antagonistic effects. The reason for this was 
hypothesized to be long-chain fatty acid (LCFA) toxicity of microalgae, and the 
unsuitability of the inoculum to degrade microalgae, leading to lower methane yields 
for pretreated algae than untreated algae, and adverse effects on the co-digestion 
mixtures. 





Cultivation of microalgae on AD effluent on the other hand showed that AD effluent 
had the necessary nutrients for microalgal growth, with the growth rate comparable 
to that on synthetic medium. 
The results from this study suggested that food waste and C. vulgaris are not suitable 
co-substrates. Nonetheless, the successful cultivation of C. vulgaris using AD effluent 
showed that AD effluent could be a promising growth medium for C. vulgaris to 
reduce the high cost of cultivation using synthetic medium. However the low methane 
yields of C. vulgaris reported in this study suggested that there are possibly other 
inhibiting factors other than the commonly cited hard cell wall. Future work on 
optimising the energy recovery from microalgae is required in order to successfully 
couple the microalgae cultivation and anaerobic digestion process. 
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Global energy demand is on the rise, with scenarios estimating that the energy 
demand will increase during this century by a factor of two or three [1]. Yet presently 
about 88% of this demand is met by fossil fuels [2]. With depleting reserves, fossil 
fuels are estimated to last only about 35 more years [3]. As such it is imperative that 
alternative sources of energy be developed. Of the many renewable options today, 
anaerobic digestion (AD) of wastes and biomass stands out as a promising method to 
produce a carbon-neutral source of bioenergy, ie. biogas. 
Biogas, consisting of mostly 50-75% methane and 25-50% carbon dioxide, with small 
amounts of other gases, is a versatile renewable energy source. It can be purified to 
produce biomethane for use as chemicals, or used directly after upgrading in power 
stations or vehicles. Indeed Linköping, a city in southern Sweden, already uses biogas 
to fulfill all its urban transport needs [4].  
The production of biogas through anaerobic digestion is actually a series of biological 
processes where different types of bacteria come together to break down 
biodegradable material in the absence of oxygen to produce biogas. This process 
already occurs in nature, for example in some soils and in lake and oceanic basin 
sediments.  
Anaerobic digestion presents several advantages over other kinds of bioenergy 
technologies. The most important advantage is that anaerobic digestion can accept 
many types of organic substrates, the most significant being organic wastes. As such 
it is ideal for treating and extracting energy from a variety of wet wastes, such as 
municipal wastewater, dairy and piggery effluents, food waste, etc, which would 





otherwise require extensive chemical treatment. Other advantages include very mild 
process conditions, as well as a nutrient-rich digestate which can be used as fertilizer 
for crops. It has also been evaluated as one of the most energy-efficient and 
environmentally beneficial technologies for bioenergy production [5]. 
In Singapore’s context, an important under-recycled waste is food waste. Statistics 
from the National Environmental Agency (NEA) of Singapore have shown that in 2013, 
food waste only has a 13% recycling rate, and that 696 000 tons of food waste are 
disposed of annually, which comprises 23% of the total waste disposed [6]. This 
disposed food waste is sent directly to incineration plants, but because of the high 
moisture content of food waste (about 70% water), little energy recovery is expected, 
and there is no possibility of utilizing the nutrients in food waste. As such alternatives 
such as anaerobic digestion is a promising technology to extract energy and nutrients 
from food waste at the same time. 
However food waste faces several problems when used as a sole substrate for 
anaerobic digestion. According to [7], inhibition always occurred when food waste 
was digested alone in a long-term operation, with reasons such as insufficient trace 
elements (Zn, Fe, Mo, etc), sub-optimal carbon to nitrogen ratios (C/N ratios), and 
inhibitory concentration of lipids. To overcome these limitations, co-digestion has 
been widely studied to improve the digestibility of food waste. 
A potential unreported co-substrate is Chlorella vulgaris, a kind of green microalgae 
which are unicellular eukaryotic microorganisms capable of photosynthesis [8]. 
Widely recognized for their high growth rates and high photosynthetic efficiencies, 
microalgae can also grow in wastewater or anaerobic digestion effluent. In addition, 
the carbon dioxide necessary for algae growth can be obtained from biogas. The 
advantages of using microalgae as a co-substrate could then possibly extend from 





potentially improving digester performance to treating the nutrient-rich effluent and 
upgrading biogas. 
While the main focus of recent research has been on the lipid extraction of oleaginous 
species of microalgae, it has been shown that directly recovering energy from 
microalgae via anaerobic digestion may be of interest when the lipid content is below 
40%, due to the high energy costs of lipid extraction [9]. If microalgae is to be used to 
treat the nutrient-rich effluent before discharge, it may not be possible to obtain such 
high levels of lipid, which is why anaerobic digestion of microalgae would serve as a 
better process to extract energy. Coupled with its other advantages listed above, 
microalgae is potentially a viable substrate for anaerobic digestion, and also for co-
digestion. 
In light of these potential advantages, research has to be done to investigate if green 
microalgae can indeed be an effective co-substrate to food waste. This thus forms the 
basic research question of this thesis. 
1.2 Objective 
The objective of this thesis is to primarily evaluate the improvement, if any, of the 
methane yield when food waste is co-digested with Chlorella vulgaris as a feasibility 
test. Of secondary interest is the ability of C. vulgaris to grow on anaerobic digester 
effluent, which would close the nutrient loop for microalgae cultivation. 
1.3 Hypothesis 
From the various studies carried out on the co-digestion of food waste and microalgae 
with other substrates (discussed in Chapter 2), it was hypothesized that the co-
digestion of food waste and C. vulgaris would enhance the methane yield, due to a 
more balanced nutrient profile and a dilution of toxic substances potentially found in 





either substrate. AD effluent was also hypothesized to be suitable for cultivating C. 
vulgaris, as C. vulgaris is known to grow well on many types of wastewater. 
1.4 Scope 
To test this hypothesis, two sets of experiments were designed. First, to evaluate the 
effect of co-digestion on methane yield, several bench-scale batch assays 
(biochemical methane potential – BMP assays) were carried out. These feasibility 
tests studied the mixing ratio of the substrates and the effect of pretreatment 
(thermal and ultrasonic) on the co-digestibility of microalgae.  
Second, to evaluate the potential of anaerobic digestion effluent as a growth medium, 
a laboratory-scale semi-continuous anaerobic digestion reactor was set up, taking in 
food waste as its only substrate, in order to collect AD effluent on which batch 
microalgae cultivation tests could be carried out. These cultivation tests were carried 
out in several bench-scale batch reactors. 
1.5 Outline of the Thesis 
The thesis is separated into the following parts: in Chapter 1, a brief introduction has 
been given. In Chapter 2, the current literature is reviewed. Chapter 3 explains the 
methodology of the experiments, while Chapter 4 discusses the results obtained. The 
thesis is then finally concluded in Chapter 5, the conclusion, and future work discussed 
in Chapter 6. 
 





2 Literature Review 
2.1 Anaerobic Digestion 
2.1.1 Background 
Historically anaerobic digestion has been widely utilized to treat wastes, such as 
wastewater, manure, and sewage sludge, and is a fast growing industry around the 
world. Indeed, in Germany there were 7 944 biogas plants in operation in 2014, with 
around 7.9 million households supplied with biogas-based electricity, compared with 
just 4 984 plants in 2009 [10]. Interest in anaerobic digestion primarily stems from 
two advantages [11]:  
- A high degree of reduction of organic matter concomitant with a small 
increase – compared to the aerobic process – of the bacterial biomass, 
- The production of biogas, which can be utilized to generate different forms of 
energy or be processed for automotive fuel 
Other advantages of anaerobic digestion also include its low cost, low production of 
residues, and its utilization as a renewable energy source [12]. 
Today, the anaerobic process is mainly utilized in four sectors of waste treatment [11]: 
1) The treatment of primary and secondary sludge produced during aerobic 
treatment of municipal sewage.  
2) The treatment of industrial wastewater produced from biomass, food-
processing or fermentation industries, before disposal directly to the 
environment or sewage system. 
3) The treatment of livestock waste in order to produce energy and improve the 
fertilizing qualities of manure. 





4) The treatment of the organic fraction of municipal solid waste, which includes 
food waste. 
Besides being a form of waste treatment, anaerobic digestion is increasingly studied 
as a direct way to produce bioenergy. As mentioned, it has been evaluated as one of 
the most energy-efficient and environmentally beneficial technology for bioenergy 
production [5]. In addition, the capability of anaerobic digestion to recover energy 
from residues from other biofuel processes also offers these as of now economically 
and energetically unfavourable processes a way to improve their economics. 
Anaerobic digestion is thus a promising technology for clean waste-to-energy 
processes. However, the difficulty in maintaining operational stability still restricts the 
wide commercialization of anaerobic digestion [13]. Intense scientific focus and 
research has thus been directed to understanding the process and the causes for 
digester failure. 
2.1.2 Biochemical Process 
Anaerobic digestion is a complex process, and is commonly divided up into four 
phases: hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Figure 1 shows 
a basic flow diagram of the process.  
Generally, fermenting microorganisms decompose the large particulate organic 
matter into soluble monomers (hydrolysis), which are further converted to short chain 
fatty acids (acidogenesis) such as acetate, propionate, butyrate, etc, also commonly 
referred to as volatile fatty acids (VFAs). Other products of the hydrolysis and 
acidogenesis step include alcohols, hydrogen and carbon dioxide. The VFAs are then 
oxidized by acetogens into hydrogen, acetate, formate, and carbon dioxide. These end 





products are ultimately transformed to methane and carbon dioxide by the 
methanogens. [14] 
Each phase is discussed here in more detail, adapted from [14] and [15]. 
 
Figure 1. Anaerobic digestion process flow. [14] 
 
 Hydrolysis 
Hydrolysis is a lump term generally used to indicate the breakdown of large 
particulate matter into soluble molecules. This most often involves the 
depolymerisation and solubilisation of large molecules. This process is extracellular, 





as the microbes cannot take in large particles. As such extracellular enzymes are either 
secreted into the bulk solution or are closely attached to the microbial cell [16]. 
Products of this hydrolysis step vary depending on the substrate.  Carbohydrates such 
as cellulose and xylan are degraded into glucose and xylose by cellulytic bacteria. 
Proteins are hydrolysed into amino acids by proteolytic bacteria. Lipids are degraded 
into glycerol and long-chain fatty acids (LCFAs) by lipolytic bacteria. 
Hydrolysis is widely regarded as the rate-limiting step of degradation of particulate 
organic matter [17]. This can be further slowed down by recalcitrant substances such 
as lignin, keratin, plastics, waxes, and mineral compounds [15]. However, despite 
being a very complicated multi-step process, hydrolysis is often assumed to be a first-
order reaction, with the hydrolysis rate constants normally in the order of 0.1-0.3 d-1 
[18], with corresponding half-lives of around 2.3 -6.9 days.  
 Acidogenesis (fermentation) 
The simple sugars and amino acids from the previous hydrolysis step are converted to 
volatile fatty acids, alcohols, hydrogen and carbon dioxide. This step is called 
acidogenesis because the main products are acids. Generally, this process is very 
versatile, with many possible products.  
Sugars can be fermented to ethanol, carbon dioxide, hydrogen, and a variety of VFAs, 
such as acetate (C2), lactate (C3), propionate (C3), butyrate (C4) and caproate (C6). 
Generally, under stable reactor operation, most of the substrate is converted to 
acetate and hydrogen directly, rather than going through the more reduced products 
such as the C3, C4 and C6 VFAs. However if overloading occurs, and acetate and 
hydrogen production becomes excessive, then fermentation can be redirected to 
form larger amounts of the more reduced products (higher VFAs, alcohols, etc). [15] 





Amino acids commonly degrade in pairs in a coupled oxidation/reduction reaction, 
also known as the Stickland reaction [19]. Products of amino acid fermentation 
include ammonium, VFAs and carbon dioxide. [14] 
Long-chain fatty acids are generally not converted in this step, and are instead 
degraded in the next step, acetogenesis [15]. 
 Acetogenesis 
Acetogenesis is so named because this step produces acetate. Two ways of producing 
acetate have been identified. The first uses carbon dioxide, where hydrogen-utilizing 
acetogens (homoacetogens) produce acetate by combining two molecules of carbon 
dioxide. The methyl group of acetate is formed from carbon dioxide via formate and 
reduced C1 intermediates bound to tetrahydrofolate, while the carboxyl group is 
derived from carbon monoxide synthesized from carbon dioxide by carbon monoxide 
dehydrogenase. This enzyme also catalyzes the formation of acetyl-CoA from methyl 
and carbon monoxide, which is then further converted to acetate [20].   
The second method involves the oxidation of VFAs, alcohols, and LCFAs into acetate 
by hydrogen-producing acetogens, called obligate hydrogen producing acetogens 
(OHPA). Obligate means that the acetogens cannot use back the primary substrate as 
an electron acceptor, and as such these electrons must be wasted and transferred to 
protons (H+) to produce hydrogen [14]. This oxidation reaction however has a positive 
free energy of reaction at standard conditions, and thus it requires very low amounts 
of hydrogen concentrations in order for it to proceed [15]. As such OHPA commonly 
live in syntrophic (cross-feeding) consortia with hydrogenotrophic methanogens, 
bacteria which consumes hydrogen and carbon dioxide to produce methane. This 
syntrophic community is particularly interesting, as observed in [14] and [21]:  





i. they degrade fatty acids coupled to growth, while neither the acetogen nor 
the methanogen alone is able to degrade these compounds, 
ii. intermicrobial distances between acetogens and hydrogen scavenging 
microorganisms influence specific growth rates, resulting in the self-
aggregation of bacteria and archaea to compact aggregates, 
iii. the communities grow in conditions that are close to thermodynamic 
equilibrium, and 
iv. the communities have evolved biochemical mechanisms that allow sharing of 
chemical energy. 
The acetate produced can be used for the next step, methanogenesis, to produce 
methane, or degraded by syntrophic associations of acetate oxidizers and 
hydrogenotrophic methanogens [14]. 
 Methanogenesis 
Methanogenesis is the final step in anaerobic digestion, and is known to comprise 
three main pathways, with the first two being predominant [14]: 
i. Cleavage of acetate into methane and carbon dioxide by acetoclastic 
methanogens 
ii. Formation of methane from carbon dioxide and hydrogen by 
hydrogenotrophic methanogens 
iii. Conversion of methylated C1 compounds (methanol, methylamines, etc) to 
methane by methylotrophic methanogens. 
It has been noted that the first pathway, ie. cleavage of acetate, is the most important 
source of methane in anaerobic digestion, accounting for approximately 70% of the 
total global methane output, while the remaining 30% is formed from the other two 





pathways [22]. The acetoclastic pathway is also one of the most sensitive processes 
in anaerobic digestion to a number of factors, such as pH, ammonia, and organic acids 
[15]. They may also enter into competition for acetate with sulphate reducing bacteria 
if sulphates are present in the solution [15, 23], which will have adverse effects on 
total methane production. 
2.1.3 Anaerobic Digestion in Practice 
Anaerobic digestion can be carried out in one stage or multiple stages, and can be 
thermophilic (45-60 oC) or mesophilic (35-42 oC). Methanogenic bacteria exhibit lower 
diversity for thermophilic processes, and as such thermophilic processes are more 
sensitive to changes in temperature [2]. The higher temperature also results in a 
larger degree of imbalance and a higher risk of ammonia inhibition, even though it 
improves the growth rate of methanogenic bacteria, thus making the process faster 
and more efficient [2].  
Anaerobic digestion can also be carried out in simple continuous stirred-tank reactors 
(CSTR), or other reactor variations such as the upflow anaerobic sludge blanket (UASB) 
reactors, which allow for different hydraulic and solid retention times. Anaerobic 
digestion can also be operated at low or high solids loading, with the former being 
mostly continuous processes, and the latter batch or continuous processes [2].  
In single-stage anaerobic digestion, the acid forming and the methane forming 
microorganisms have large differences in terms of physiology, nutrient needs, growth 
rates and sensitivity to environmental conditions [24]. As such, balance between 
these two groups must be maintained. Unfortunately, due to the complexity of the 
anaerobic digestion process, inhibitory substances – including ammonia and VFAs 
which are intermediates of the process itself – can disrupt this balance easily. Aside 





from process parameters such as temperature, organic loading rate, etc, the choice 
of substrate thus also plays a very important role in the stability of the anaerobic 
digestion process.  
2.2 Food Waste 
2.2.1 Background 
Food waste is organic waste that is either lost along the supply chain, or wasted and 
discharged from various sources such as food processing plants, hotels, restaurants, 
canteens, domestic kitchens, etc. It has been noted by the Food and Agriculture 
Organization that globally, nearly 1.3 billion tonnes of the edible part of food are lost 
or wasted, weighed against the total agricultural production (for both food and non-
food uses) of about 6 billion tonnes [25]. This amount is also projected to increase in 
the next 25 years due to economic and population growth [12]. 
Traditionally food waste is incinerated with other combustible municipal wastes for 
generation of heat or energy [12]. However, given its high moisture content of about 
70%, any net energy recovery is unlikely, and there is no possibility of nutrient 
recovery. Incineration may also contribute to air pollution. As such, management 
strategies of food waste are required. 
Four bioconversion routes to energy were identified for food waste [12]: 1) Bioethanol 
production via fermentation, 2) Hydrogen production, 3) Methane production via 
anaerobic digestion, and 4) Biodiesel production either via direct transesterification 
or by harvesting oils from oleaginous microorganisms grown on food waste. All 
methods have their merits, but anaerobic digestion presents certain advantages that 
the other methods do not, ie. the production of a nutrient-rich digestate, and the 
possibility of integrating microalgal cultivation easily into the process. 





The anaerobic digestion of food waste however does face several problems. This is 
discussed next. 
2.2.2 Anaerobic Digestion of Food Waste 
Food waste has a high moisture content of about 70%, making it an easily 
biodegradable organic substrate [7]. Indeed, various methane yields of food waste 
has been reported in the literature, ranging from 220 to 489 ml CH4/g VS [26]. Various 
sources of inhibition however has been noted. 
 Long-chain fatty acids (LCFAs) 
It has been observed that food waste is a lipid-rich resource (~24% by dry weight [7]) 
and that LCFAs, which are the main intermediate by-products of the lipid degradation 
process, are usually the main inhibitory cause for serious process problems in biogas 
plants because the inhibition could be caused at lower concentrations [7]. It has been 
suggested that the mechanism for LCFA inhibition is due to adsorption onto the cell 
wall or membrane of bacteria, causing interference with the transport or protective 
function [27]. That said, as long as it is not at inhibiting concentrations, the potential 
for methane production from these long-chain fatty acids is still substantial. The 
theoretical methane potential of lipids is 1014 ml CH4/gVS compared to 370 ml 
CH4/gVS for glucose [7]. 
 Insufficient trace elements 
Other problems potentially leading to reactor failure include insufficient trace 
elements (Zn, Fe, Mo, Co, Ni, etc), and excessive macronutrients (Na, K, etc) [7]. 
Indeed it has been shown that the digestion of food waste alone invariably led to 
reactor failure, and that this problem could be resolved by the addition of trace 
elements either directly or via co-digestion [26, 28, 29]. Stimulatory effects by trace 





elements can have several reasons. Many enzymes in bacteria are metal enzymes with 
a metal ion cofactor, and any deficiency in the metal would result in the impairment 
of the enzyme activity. For example, nickel has been widely reported to be stimulatory 
for the digestion of various substrates [29]. Methanogenic bacteria are known to use 
several pathways to utilize the various substrates, and all pathways converge to the 
common nickel containing cofactor, methyl-S-CoM [30]. Also, carbon monoxide 
dehydrogenase has two nickel-containing metallocenters and is present in both 
acetoclastic methanogens and acetogens [31]. As mentioned in the previous section, 
carbon monoxide dehydrogenase is a necessary enzyme in the formation of acetate 
from carbon dioxide.   
 Carbon to nitrogen ratio 
The carbon to nitrogen ratio (C/N ratio) is also generally outside of the optimum 
suggested, which is 20-25 [32]. Most food wastes have a ratio ranging from 13 to 25 
[7], which can be low, ie. the nitrogen content is high. During hydrolysis and 
acidogenesis, this nitrogen is released as ammonium, which can become free 
ammonia in alkaline conditions. Free ammonia is toxic at high concentrations. The 
mechanism for ammonia toxicity is suggested to be the diffusion of free ammonia 
across the cell membrane, hindering cell functioning by disrupting the potassium and 
proton balance inside the cell [33]. It has also been observed that within the 
methanogens, the acetoclastic methanogens are much more sensitive to free 
ammonia concentrations than the hydrogenotrophic methanogens [34]. This can 
make the overall methane production very sensitive to ammonia, given that 
acetoclastic methanogens are responsible for about 70% of the total methane 
produced.  







With the decline in the availability of fossil fuels and the rising concerns for clean and 
renewable energy, microalgae as a source of biofuels has re-emerged as a favoured 
candidate to solve the world’s energy problems. Advantages of microalgae include 
their rapid growth, high biomass yields and product diversity, giving them excellent 
commercial potential as sustainable carbon-neutral fuel sources [35].  
Like food waste, microalgae also has a wide range of products that have been 
reported in pilot studies, including 1) biodiesel via transesterification of lipids, 2) 
biohydrogen via photolysis of water, 3) biogas formation via anaerobic digestion, and 
4) bioethanol via fermentation [35].  
The most common research studies of microalgae in recent times though have been 
on biodiesel applications, based on the ability of microalgae to accumulate high levels 
of lipids under certain stress conditions. However life cycle assessments have shown 
that microalgae grown only for biodiesel applications are energetically unfavourable 
[36]. Biodiesel production from microalgae also has unfavourable economics [37]. 
As a result, it has been suggested that direct energy recovery via anaerobic digestion 
can be of interest when the lipid content is below 40% [9]. This is mainly due to the 
high energetic cost in harvesting the microalgae and recovering lipids from them, 
especially since most of the existing techniques involve biomass drying [38]. In 
contrast, anaerobic digestion only requires a sedimentation and pre-concentration 
step. There is thus motivation to digest microalgae for energy recovery. 





2.3.2 Chlorella vulgaris 
Chlorella vulgaris was the species used in this study. Widely studied, Chlorella vulgaris 
is a freshwater unicellular organism which is spherical in shape, of about 2 to 10 µm, 
and has many structural elements similar to plants. Chlorella vulgaris is capable of 
growing photoautotrophically, heterotrophically and mixotrophically [39]. Chlorella’s 
ability to rapidly uptake and assimilate carbon dioxide and nutrients from waste 
streams and synthesize large amounts of lipids also makes it a candidate for biofuels 
and bioremediation [8].  
 
Figure 2. Chlorella vulgaris under the light microscope 
 
 






Figure 3. Schematic ultrastructure of C. vulgaris representing different organelles [39] 
 
C. vulgaris has a very rigid cell wall, which protects it from invaders and the harsh 
environment. It also preserves the integrity of the cell [39]. The rigidity of the cell wall 
is attributed to the formation of a microfibrillar layer representing a chitosan-like 
layer composed of the monosaccharide glucosamine [40]. Figure 4 shows this 
microfibrillar layer. 
 
Figure 4. Negatively stained cell wall microfibrils of C. vulgaris taken from [40] 
 
The rigidity of the cell wall can pose a major problem to anaerobic digestion. This is 
discussed in the next section. 





2.3.3 Anaerobic Digestion of Microalgae 
As mentioned, anaerobic digestion can be of interest if the lipid concentration is not 
higher than 40%. Additionally, the anaerobic digestion of microalgae also allows for 
the mineralisation of the microalgae, thus releasing organic nitrogen and phosphorus 
that can be reused for cultivation. 
There are significant bottlenecks limiting the anaerobic digestion of microalgae, 
however. Four major bottlenecks have been identified [41]: 1) the low concentration 
of digestible substrate necessitating concentration steps, 2) the low degradability of 
the cell wall, 3) the low C/N ratio associated with microalgae biomass, and 4) the high 
lipid content in microalgae.  
The first bottleneck is not within the scope of this study, although [41] does an 
excellent review of the various solutions that have been reported. This includes 
innovative reactor designs such as membrane reactors, upflow anaerobic sludge 
blanket reactors, filters, etc to reduce bacterial washout, and chemical and physical 
harvesting techniques such as flocculation and coagulation. 
 Low degradability due to hard cell wall 
The second bottleneck concerns the low degradability of microalgae arising from its 
hard cell wall. As mentioned earlier, Chlorella vulgaris has a rigid cell wall containing 
a microfibrillar structure that makes it hard to degrade. In an experimental study of a 
coupled culture-digestion process using Chlorella vulgaris, 50% of the biomass was 
not digested even under long retention times (28 days), which was attributed to the 
hard cell wall of the algae which limited hydrolysis [42]. Mussgnug et al has also found 
correlations linking the digestibility of different algal biomass with their respective cell 
wall composition, where algae with no cell wall were found to be digested easily, 





while those with hemi-cellulosic cell walls were hard to digest for biogas production 
[43]. 
Table 1. Comparison of pretreatments and methane productivity of microalgae used 




Pretreatment Results Reference 
Chlorella vulgaris 140oC for 10 min 
 
 
160oC for 10 min 
43% increase in final 
methane yield 
 
64% increase in final 
methane yield 
[44] 
Chlorella vulgaris 120°C for 40 min 
 
 
120°C + acid (pH2) for 40 min 
 
 
120°C + base (pH10) for 40 
min 
93% increase in final 
methane yield 
 
65% increase in final 
methane yield 
 
73% increase in final 
methane yield 
[45] 
Chlorella vulgaris 50 J/ml Ultrasound at 20kHz 
 
 
100 J/ml Ultrasound at 20 kHz 
 
 
200 J/ml Ultrasound at 20 kHz 
50% increase in final 
biogas yield 
 
63% increase in final 
biogas yield 
 




Chlorella sp. and 
Scenesdesmus sp. 
120°C for 30 min 
 
 
180s Ultrasound at 130W 
 
 
pH 9 alkali treatment 
20.5% increase in final 
methane yield 
 
9% increase in final 
methane yield 
 









75°C for 15h 
 
 
95°C for  15h 
 
53% increase in final 
methane yield 
 
60% increase in final 
methane yield 
[48] 
Chlorella vulgaris Alcalase (protease) for 5h 
 
 
75 oC for 30 min + Viscozyme 
(carbohydralase) + Alcalase 
for 5h  
51% increase in final 
methane yield 
 
57% increase in final 
methane yield 
[49] 





To counter this problem of low degradability, pretreatments have been used to great 
effect. Table 1 shows a summary of some pretreatments reported in the literature for 
the anaerobic digestion of microalgae. This summary is by no means exhaustive, 
although it does give an idea of the pretreatments already reported in the literature. 
As can be seen, pretreatments have a positive effect on the methane yield of 
microalgae. Where the pretreatment is too mild, no improvement is reported, and 
negative effects could be seen if the pretreatment was too extreme, such as in [47] 
where a pH 13 alkaline treatment caused a 55% drop in methane yield. Generally, it 
has been observed by Alzate et al. [50] and Keymer et al. [51] that thermal 
pretreatments are largely superior to other forms of pretreatments for digesting 
microalgae. 
 Low C/N ratios 
The third bottleneck involves the low C/N ratio of microalgae, and rightly so. Chlorella 
vulgaris grown in our laboratory has a C/N ratio of about 6.75. The reported optimum 
range is from 20 to 25 [32]. When the C/N ratio is outside of this range, there is an 
imbalance in the carbon and nitrogen requirements leading to nitrogen release in the 
form of ammonia during digestion [9]. This ammonia can be inhibitory to 
methanogenic bacteria and cause the accumulation of VFAs in the reactor [9], as 
mentioned previously. To resolve this problem, many researchers have investigated 
co-digestion, which can help balance out the proportion of nitrogen and carbon.  
 High lipid content 
The fourth bottleneck involves a high lipid content in microalgae. During optimal 
growth conditions, the lipid content of C. vulgaris can reach 5-40% dry weight [52]. 
Under stress conditions this can go up to 58% [52]. 





As discussed above for food waste, lipids are converted into long-chain fatty acids as 
part of the degradation process. These lipids can severely inhibit the digestion process. 
Inhibitory concentrations (IC50 values that inhibit a process by half) have been 
reported to be 50-75 mg/L for oleate [53], 1100 mg/L for palmitate [54], and 1500 
mg/L for stearate [55] at mesophilic conditions.  
In the context of substrate composition, it has been reported that there was no 
inhibition for substrate lipid concentrations of 5, 10 and 18% (w/w, COD basis), but a 
stronger inhibition was observed for 31, 40 and 47%. The process was able to recover 
from the inhibition however [56].  
2.4 Co-digestion 
Co-digestion thus offers a solution to resolve the nutrient imbalances in both 
substrates. The choice of food waste and microalgae as co-substrates is not arbitrary. 
There are two key motivations: 
- Balancing the nutrients, which includes trace minerals and C/N ratio, and 
diluting toxic substances that may be found in either substrate, and 
- Coupling microalgae cultivation to the anaerobic digestion process, thereby 
achieving simultaneous wastewater treatment, biomass production and 
digestion improvement. There is even a possibility of biogas upgrading, 
although this is outside the scope of this study. 
At first glance it may appear that food waste and microalgae share many similar 
disadvantages, such as high lipid content, and supposedly low C/N ratios. However it 
should be noted that these disadvantages may also possibly have the other side of the 
coin. As mentioned, lipids have very high theoretical methane yields, and ammonia 
can form a buffer system with VFAs to allow increased organic loading rates. Co-





substrate choice should thus not be rejected on such bases alone, and focus should 
instead be put on process design and control that would draw out these advantages 
while keeping the disadvantages to a minimum. The feasibility tests in this study thus 
attempt to evaluate if indeed these disadvantages can be turned around or minimized. 
There have been no reports of co-digestion of food waste with Chlorella vulgaris, 
although there has been a study on the thermophilic (55 oC) co-digestion of Taihu 
algae (primarily Microcystis sp., cyanobacteria) and kitchen (food) wastes [57]. The 
authors have found that co-digestion of Taihu algae and kitchen wastes improved 
biogas production, with co-digestion yielding more biogas than kitchen wastes or 
algae alone, and that an optimum C/N ratio was found to be 15, amongst those tested 
(10, 15 and 20) [57]. They attributed this to increased enzyme activity during the 
fermentation process. 
Many other co-digestion studies have been carried out for both microalgae and food 
waste. Table 2 below gives an idea of the various co-digestion studies that have been 
carried out. 
  





Table 2. Co-digestion studies of food waste and microalgae with other substrates. 
Percentages in brackets indicate the best reported mixing ratio.  
 
As can be seen, the co-digestion of substrates play many different roles to enhance 
methane production. Ideally the C/N ratios of the mixtures should fall between 20- 25 
as suggested by [32] However, interestingly, many of the co-digestion mixtures do not 
have an optimal combined C/N ratio of 20-25. For example, it was reported to be 15 
in [57], 15.8 in [58], and 9.3-9.4 in [61]. This shows that the C/N ratio is not the only 
determining factor when choosing the ratio between co-substrates. The right 
combination of several other parameters is also relevant, for example, macro and 
Substrates Effect(s) Attributed Reason(s) Reference 






High buffering capacity 
and supplementation of 
trace elements 
[58] 
FW + yard waste  Improved 
methane yield 
Lower VFA accumulation [59] 
FW + brown water Improved 
methane yield 
High buffering capacity [60] 









Chlorella (50%) + 





Balanced C/N ratio and 
increase in cellulase 
activity 
[32] 
Lake algae slurry 











(50%) + fat, oil and 
grease waste (50%) 
Improved 
methane yield 
Higher lipid degradation 
rate due to optimal 









Hard cell wall of both 
algae species leading to 
low degradability 
[63] 





micronutrients, pH and alkalinity, inhibitors and toxic compounds, biodegradable 
organic and dry matter [64]. 
2.5 Coupling Microalgae Cultivation to Anaerobic Digestion 
It has been highlighted that the cultivation of microalgae poses several problems: 
sources of carbon dioxide, and nutrients such as nitrogen and phosphorus [65]. 
According to Christi [65], the purchase of carbon dioxide accounted for about 50% of 
the production cost in nearly all pilot-scale algae culture plants, which represents a 
substantial percentage. Flue gas stations are the main source of concentrated carbon 
dioxide in the world, but Christi observes correctly that there is flawed logic in relying 
on flue gases for carbon dioxide - no algae can be grown if no fossil fuels are being 
burnt, yet the technology must be self-reliant and renewable.  
As for sources of nitrogen, a tremendous amount of energy is needed to fix nitrogen 
via the Haber-Bosch process, and the amount of fertilizers produced will compete 
directly with agricultural crops. Christi concludes that reclamation of nutrients is thus 
essential for the sustainable production of algal fuels [66]. 
The strong interest in microalgae anaerobic digestion thus lies in its ability to 
mineralize microalgae containing organic nitrogen and phosphorus, resulting in a flux 
of ammonium and phosphate that can then be used as substrate for growing 
microalgae or that can be further processed to produce fertilizers [37]. In addition, 
biogas contains about 25-50% carbon dioxide. The carbon dioxide that is a by-product 
of the biogas upgrading process can be redirected into microalgae cultivation. This 
closes the nutrient loop associated with large scale algal biomass production. A 
hypothetical coupled process would thus look like in Figure 5. 
 












Figure 5. Microalgae cultivation coupled to anaerobic co-digestion of food waste and 
microalgae - process overview 
 
This coupled process is a seemingly elegant solution that would alleviate the economic 
and environmental cost of purchasing inorganic nutrients for the cultivation of 
microalgae, all the while improving methane yield and energy recovery from food 
waste. Proving the feasibility of this coupled system thus requires proving that mixing  
co-substrates improve methane yield, and that microalgae can be grown on the 
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3 Materials and Methods 
3.1 Anaerobic Digestion Inoculum  
The inoculum was collected from anaerobic digesters at Ulu Pandan Wastewater 
Treatment Plant (Ulu Pandan WWTP) operated by the Public Utilities Board (PUB) of 
Singapore. The inoculum was collected once every one to two months, and 
immediately stored at 4oC until required. 
Table 3 below shows the average characteristics of the inoculum collected from Ulu 
Pandan Wastewater Treatment Plant. It should be noted that different batches of 
sludge had different concentrations, but the volatile solids to total solids ratio 
remained approximately constant. 
Table 3. Characteristics of inoculum collected from Ulu Pandan WWTP over different 
batches. Standard deviation in brackets. 
3.2 Microalgae – Chlorella vulgaris 
The species of microalgae used in this study was Chlorella vulgaris, known for its rapid 
growth and robustness. The microalgae used as a substrate for the BMP assays and 
as inoculum for microalgae cultivation tests was grown in in batches in synthetic 
medium, specifically Bold’s Basal Medium with 3-fold Nitrogen and Vitamins. The list 
of chemicals used for the synthetic medium is presented in Appendix A. 
Once grown, the microalgae was transferred to a 4oC cold room where it was allowed 
to settle by gravity and subsequently concentrated over several days. The microalgae 
concentrate was then stored at 4oC until required. Several batches were grown over 
the course of the study, under identical conditions. 
Total Solids (g/L) Ranged from 6.05 g/L to 22.8 g/L 
Volatile Solids (g/L) Ranged from 4.42 g/L to 16.0 g/L 
VS/TS (%) 72.8 (2.34) 





Table 4 summarizes the growth conditions of the microalgae. Table 5 below shows 
the average characteristics of the microalgae harvested from the reactors after the 
concentration step.  
Table 4. Growth conditions of Chlorella vulgaris 
 
Table 5. Characteristics of Chlorella vulgaris grown in synthetic medium. Standard 
deviation in brackets. 
3.3 Food Waste (FW) 
Food waste was collected from FoodClique, a canteen in UTown within the university 
campus. The collected food waste was immediately blended using a conventional 
kitchen blender and then frozen at -20oC. The food waste was thawed and 
characterized before use in experiments.  
Reactor Type Batch 
Microalgae species Chlorella vulgaris 
Medium Bold’s Basal Medium with 3-fold Nitrogen and 
vitamins (Appendix A) 
Working volume 7 L 
Growth duration 15 days 
Input air 5% carbon dioxide in air, bubbled at 0.5 vvm 
Light 2 commercial fluorescent tubes with a 14/10 
light/dark cycle 
Temperature 25 oC 
Total Solids (g/L) Varied with concentration, typically 19-28 g/L 
Volatile Solids (g/L) Varied with concentration, typically 18-27 g/L 
VS/TS (%) 94.22 (2.32) 
COD content (gCOD/g dry 
weight)  
1.496 (0.116) 
Carbon content (% of dry 
weight) 
50.52 (0.45) 
Nitrogen content (% of dry 
weight) 
7.48 (0.07) 
C/N Ratio 6.75 (0.02) 





Table 6 below shows the average characteristics of the food waste collected from the 
canteen. 
Table 6. Characteristics of food waste collected from FoodClique. Standard deviation 
in brackets. 
3.4 Biochemical Methane Potential (BMP) Assays 
Co-digestion feasibility tests were carried out as BMP tests in glass bottles with 
working volumes ranging from 100 to 200 ml, with a substrate/inoculum ratio of 0.5, 
following the method described in (Angelidaki 2009). The inoculum was degassed at 
35oC for 3-6 days prior to the start of the experiment. Thereafter the bottles were 
placed in an incubator at 37 oC and shaken at 125 rpm. The gas produced was collected 
in tedlar bags and analysed at fixed intervals using a gas chromatograph (Perkin Elmer 
Clarus 580 GC), and the volume of gas produced was measured using a syringe. 
Total Solids (% of wet 
weight) 
30.43 (0.55) 
Volatile Solids (% of wet 
weight) 
29.46 (0.62) 
VS/TS (%) 96.82 (0.27) 
COD content (gCOD/g dry 
weight)  
1.012 (0.044) 
Carbon content (% of dry 
weight) 
51.73 (0.68) 
Nitrogen content (% of dry 
weight) 
2.65 (0.09) 
C/N Ratio 19.53 (0.84) 
Metals (% of dry weight) Na 0.689 (0.04) K 0.282 (0.011) 
 Mg 0.039 (0.006) Ca 0.110 (0.036) 
 Al 0.005 (0.0005) Fe 0.013 (0.005) 
 Mo 0.0102 (0.0045) Pb 0.0078 (0.0039) 
Metals (ppm, weight basis) Zn  8.39 (1.32) 
 Ni, Co, Cu, Cr Not detected 
Anions (% of dry weight) Br- 1.202 (0.077) F- 2.681 (0.084) 
 PO43- 0.224 (0.101) SO42- 0.570 (0.170) 





Endogenous gas production from blanks (substrate replaced by deionised water) were 
then subtracted. These assays were done in duplicates and triplicates. 
The batch assays were split into three series. Series 1 studied the mixing ratio of food 
waste and untreated microalgae, to establish a baseline control of the co-digestion. 
The substrates were mixed on a VS basis in the ratios of 0.75:0.25, 0.5:0.5 and 
0.25:0.75 of food waste and untreated microalgae respectively. Controls used were 
food waste and untreated microalgae digested separately without mixing. 
Series 2 was a repeat of series 1 with the same mixing ratios, except with thermally 
pretreated microalgae instead of untreated microalgae, to investigate the effect of 
pretreatment on the co-digestion efficiency.  
Due to the unexpected results from series 2, a third series, series 3, was done, using 
a different pretreatment of microalgae, ultrasonic disintegration, and one mixing ratio 
of 0.75 food waste to 0.25 microalgae, identified to be the optimal ratio amongst 
those tested.  
To evaluate the effect of mixing substrates on the methane yield, the experimental 
BMP values were compared to calculated BMP values. These calculated BMP values 
are determined by linearly combining the experimental BMP results for the pure 
substrates, in their respective proportions. If the experimental BMP result for the co-
digestion is higher than its calculated BMP, there is a positive synergistic effect on the 
methane yield. If it is lower, there is a negative antagonistic effect. 
Table 7 summarizes the BMP assay conditions.  
  





Table 7. Experimental set-up and conditions for co-digestion batch feasibility tests. 
3.5 Microalgae Pretreatment 
Due to the hard cell wall of Chlorella vulgaris limiting the hydrolysis rate, the 
digestibility of microalgae is very much reduced. In this study thermal and ultrasound 
pretreatments were used in an attempt to break down the cell wall so that the 
digestibility of microalgae could be improved. 
Reactor Type Batch 
Working volume 100 to 200 ml 
Substrate/inoculum ratio 0.5 gVS substrate / gVS inoculum 
Inoculum Degassing 35oC for 3-6 days 
Temperature 37 oC 
Stirring rate 125 rpm 
Gas collection method Tedlar bags 
Gas analysis Volumetric syringe 
Gas chromatography with TCD 
Series 1 Mixing ratio study of co-digestion of food waste 
and untreated microalgae 
3 mixing ratios (VS basis) studied:  
75% FW/25% Untreated Algae 
50% FW/50% Untreated Algae 
25% FW/75% Untreated Algae 
Series 2 Mixing ratio study of co-digestion of food waste 
and thermally pretreated microalgae 
Thermal pretreatment of microalgae: 100 oC for 1 
hour 
3 mixing ratios (VS basis) studied:  
75% FW/25% Heated Algae 
50% FW/50% Heated Algae 
25% FW/75% Heated Algae 
Series 3 Pretreatment study of co-digestion of food waste 
and pretreated microalgae 
Mixing ratio used: 75% FW/25% Algae 
Pretreatments used:  
Thermal pretreatment: 100oC for 45 min 
Ultrasonic pretreatment: 37 kHz at 100 W for 3 
min corresponding to an energy supplied of 180 
J/ml 





Thermal pretreatment was carried out on a conventional stirrer-heater (IKA C-Mag HS 
7), in a water bath. Ultrasonic pretreatment was carried out in a bath-type sonicator 
(Fisherbrand Elmasonic P 60H). 
3.6 Anaerobic Digestion Effluent 
A 2L working volume semi-continuous anaerobic digester was set up using the 
inoculum above, and fed with food waste as its only substrate. The reactor was given 
about a week after starting to let it acclimatize, then fed once every two days. The 
reactor was kept in a warm room maintained at 35 oC, and stirred with a conventional 
magnetic stirrer. Effluent used for microalgae cultivation tests was collected only after 
one hydraulic retention time (HRT), which is, in this case, 30 days, and only when the 
reactor was reasonably stable (pH > 6.8). The feed and effluent were introduced and 
extracted via a peristaltic pump.  
Table 8 below summarizes the reactor conditions. Table 9 shows the composition of 
the effluent after one HRT. Other reactor data can be found in Appendix B. 
Table 8. Semi-continuous digester experimental set-up and conditions. 
 
  
Reactor Type Semi-continuous stirred-tank reactor (hydraulic 
retention time = solids retention time) 
Working volume  2 L 
Hydraulic Retention Time 30 days 
Organic Loading Rate 0.5 gVS/L/day 
Temperature 35 oC 
Stirring Rate 160 rpm 
Feeding rate Once every 2 days 
Substrate Food waste dissolved in deionised water 





Table 9. Characteristics of digester effluent collected one HRT after reactor start-up. 
Standard deviation in brackets. 
3.7 Microalgae Cultivation on Anaerobic Digestion Effluent 
These tests are meant to give a preliminary idea on whether anaerobic digestion using 
food waste produces an effluent with sufficient nutrients for microalgae to grow in. 
As such they are bench-scale batch assays run for a short period of time, and are not 
meant for growth optimization. 
Effluent from the semi-continuous reactor was collected over one or two weeks, then 
combined and centrifuged at 10 000 rpm for 20 minutes (Kubota 6000). The 
supernatant was decanted, and then diluted and autoclaved. As autoclaving causes 
the pH to increase to around 9, the pH was adjusted to pH 6.5-7 using 0.1M 
hydrochloric acid. Microalgae inoculum was then added and the optical density and 
pH monitored over a week. The tests were done in duplicates. 
Table 10 summarizes the test conditions. 
  
Total Solids (g/L) 10.3 (0.0972) 
Volatile Solids (g/L) 7.57 (0.127) 
VS/TS (%) 73.5 (0.542) 
pH 6.92 
Metals (mg/L) Na 88.15 (0.071) K 69.6 (0.141) 
 Mg 32.1 (0.212) Ca 28.05 (0.071) 
 Al < 0.1 Cu < 0.1 
 Cr, Co, Zn, Ni Not detected 
Anions (mg/L) Cl- 173.2 (1.20) F- 89.4 (3.89) 
 PO43- 315.2 (3.39) SO42- 5.35 (0.778) 
 Br-, NO3- Not detected 





Table 10. Experimental set-up and conditions for microalgae cultivation on anaerobic 
digestion effluent 
3.8 Characterization Methods 
3.8.1 Total Solids (TS) and Volatile Solids (VS) 
The total solids is defined as the weight of dried matter per unit volume of suspension. 
Volatile solids content is defined as the weight of dried matter that has been 
combusted at 550oC for 2 hours. It corresponds approximately to the portion of the 
total solids that are organic and of animal or plant origin. The measurement of total 
solids and volatile solids was done as prescribed in Standard Methods [67].  
3.8.2 Chemical Oxygen Demand (COD) 
The chemical oxygen demand is defined as the amount of a specified oxidant that 
reacts with the sample under controlled conditions. This quantity of oxidant is 
expressed in terms of its oxygen equivalence [67], or in other words, the COD is a 
measure of the amount of oxygen needed to chemically oxidize the sample. In this 
study the COD was measured using HACH high range COD kits and DR900 colorimeter. 
Reactor Type Batch 
Microalgae species Chlorella vulgaris 
Medium Control medium: Bold’s Basal Medium with 3-fold 
Nitrogen and Vitamins (Appendix A) 
Effluent medium: 12.5% Effluent diluted in 
deionised water 
Working volume 500 ml 
Growth duration 5-11 days 
Input air 2% carbon dioxide in air, bubbled at 0.5 vvm 
Light 3 commercial fluorescent tubes with a 14/10 
light/dark cycle 
Temperature 25 oC 
Autoclave 121 oC for 20 minutes 





The method used is the USEPA reactor digestion method, based on Standard 
Methods[67]. 
3.8.3 Ammonia 
The ammonia in the samples were measured directly using HACH high range ammonia 
test kits and the DR900 colorimeter. The test is based on the salicylate method. 
3.8.4 Optical Density (OD) 
Optical density can be used to give an indication of the concentration of algae without 
drying it. In this study the optical density was measured at 680 nm using a 
spectrophotometer (Eppendorf Biospectrometer Basic) and standard 10 mm 
disposable cuvettes. As the spectrophotometer broke down halfway into the 
experiment, several data points were acquired using a TECAM microplate reader with 
200 µl of sample in each well. 
3.8.5 Elemental Analysis 
Elemental analysis was carried out by a separate laboratory in the Department of 
Chemistry. Solid samples for Carbon, Hydrogen, Nitrogen and Sulphur (CHNS) analysis 
were first dried and ground into fine powder before sending to the lab. Liquid samples 
for anions and metals analysis were simply centrifuged and filtered at 0.2 µm pore 
size. Solid samples for anions and metals analysis were first dissolved and heated in 
concentrated aqua regia before diluting with ultrapure water and filtered at 0.2 µm 
pore size. 
3.8.6 Weighing Balance 
The weighing balance used was a Mettler Toledo ME204.  
 





4 Results and Discussion 
 
This chapter is split into two parts, corresponding to the two sets of experiments 
described in the scope of this thesis (Section 1.4). These are the feasibility tests for 
co-digestion of food waste and microalgae, and the cultivation of microalgae on AD 
effluent. Generally the results will first be presented, where key observations are 
made. These observations will then be discussed and compared to the literature. 
4.1 Co-digestion Feasibility Tests 
4.1.1 Results 
The feasibility tests comprised three series of experiments:  
Series 1) Mixing ratio study of food waste and untreated microalgae 
Series 2) Mixing ratio study of food waste and heated microalgae 
Series 3) Microalgae pretreatment study on co-digestion at 1 mixing ratio 
Figure 6, Figure 7 and Figure 8 show the methane yield of each of the three series, 
while Figure 9 summarizes the final methane yield of the three series. Figure 10 shows 
the improvement, if any, of the experimental BMP over the calculated BMP across all 
three series. The figures are coloured such that blue represents pure food waste 
substrate, green for the untreated microalgae mixtures, red for the heated algae 
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Figure 8. Methane yield of Series 3 – Microalgae pretreatment study on co-digestion 




Figure 9. Comparison of final methane yields for all three series. Blue - pure food waste 
substrate. Green - untreated algae mixtures. Red - heated algae mixtures. Yellow - 



































75% FW/25% Untreated Alg
75% FW/25% Sonic Alg















































Series 1 Series 2 Series 3 






Figure 10. Increase of Experimental BMP over Calculated BMP for all co-digestion 
mixtures. Negative values indicate that experimental BMP values were lower than 
calculated values. Green - untreated algae mixtures. Red - heated algae mixtures. 
Yellow - sonicated algae mixtures. 
 
1) 75% Food Waste and 25% Untreated Microalgae in Series 1 and 3 
In series 1 with untreated microalgae, the mixing ratio of 75% FW/25% untreated 
microalgae produced a final methane yield of 222.4 ml CH4/gVS after 18 days, 2% 
more than the final methane yield of pure food waste at 218.1 ml CH4/gVS (Figure 9). 
This same mixing ratio also reported a strong synergistic effect on the final methane 
yield with the experimental BMP 24% higher than the calculated BMP (Figure 10). 
However, when this mixing ratio was repeated again in series 3, both effects disappear. 
The main reason for this discrepancy is probably because the final methane yield of 
pure food waste in series 1 was much lower than in series 3, thus affecting the 
calculated BMP values. Nevertheless, it appears that the synergistic effects shown in 
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it can be concluded that there are no synergistic effects between microalgae and food 
waste when co-digested together. 
2) No co-digestion mixture yielded more methane than pure food waste alone 
Following the previous discussion where the data from series 1 and 3 were combined, 
and from Figure 9, we see that none of the tested mixing ratios, pretreated and 
untreated, had a higher methane yield per gram VS than digestion of food waste alone. 
This is despite that the methane yields for pure food waste in this study are on the 
low end of yields reported in the literature, with around 240 ml CH4/g VS in this study 
compared to 220 to 489 ml CH4/g VS in the literature [26], indicating that there is still 
more that can be done to enhance methane productivity from food waste. 
3) No synergistic effects observed, antagonistic effects observed for some 
Apart from 75% FW/25% untreated algae and 50% FW/50% untreated algae, which 
had an experimental BMP value higher than its calculated BMP value, all the other 
tested mixing ratios showed antagonistic effects, ie. they had experimental BMP 
values lower than their calculated ones. We recall that the calculated BMP value is 
just a linear combination of the experimental BMP values of the pure substrates in 
their respective co-digestion proportions, and is thus the expected value if the 
substrates had no effect on each other. 
4) Pretreatment of microalgae decreased methane yield in pure and mixed 
substrates, and exacerbated antagonistic effects in co-digestion 
It can be seen from Figure 9 that the final methane yields of all mixtures decreased 
when the microalgae was pretreated. A comparison between series 1 and 2 shows 
that between the same mixing ratios, the pretreated microalgae mixtures yielded 20-





40% lower methane than the untreated microalgae mixtures. The effect is less 
pronounced within series 3, with only slight decreases, but it is still present. 
 
Figure 11. Percentage COD solubilization after various pretreatments 
 
For the pure algae substrate itself, pretreatment actually lowered the yield instead of 
increasing it. The final methane yield of untreated algae was 63.3 and 54.9 ml CH4/gVS 
in series 1 and 3, while that of heated microalgae was 17.0 and 14.3 ml CH4/gVS in 
series 2 and 3 respectively. Sonicated microalgae also had a lower methane yield of 
43.6 ml CH4/gVS. This is despite the solubilisation of COD due to pretreatment (Figure 
11), which is supposed to break down the cell wall and render the microalgae easier 
to hydrolyze. 
From Figure 10, comparisons between the untreated and pretreated mixtures also 
show that pretreatment decreased any synergistic effect between the two substrate, 
and exacerbated any antagonistic effect for all mixing ratios. This is most clearly seen 
when comparing between series 1 (untreated) and series 2 (heated), where the 
positive synergistic effects disappeared into negative antagonistic effects when the 
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5) Antagonistic effects on co-digestion increased as microalgae fraction 
increased, and as pretreatment severity increased 
As the fraction of microalgae increased, the antagonistic effect increased, as shown 
by the increasingly negative values in Figure 10. In addition, the more severe the 
pretreatment (correlated with the COD solubilisation shown in Figure 11), the more 
the antagonistic effect, as can be seen from the difference between the experimental 
BMP and calculated BMP values of -5.1%, -4.9% and -1.9% corresponding to the 
thermally pretreated co-digestion mixture in series 2, series 3, and the ultrasonic co-
digestion mixture in series 3 respectively.  
6) Higher initial rate of methane production for co-digestion mixtures 
On a more positive note, it can be observed in Figure 6 to Figure 8 that the co-
digestion mixtures consistently had a higher initial methane production rate than the 
pure substrates, even though their final methane yields were lower. In particular, the 
digestion of food waste alone always exhibited a pseudo lag-phase, where methane 
production was slowed for the first 5 days before rapidly increasing, while the co-
digestion mixtures showed no such lag phases. 
4.1.2 Discussion 
4.1.2.1 Improved nutrient profile 
As mentioned in the literature review, co-digestion brings many advantages to the 
table, such as increased buffering capacity, trace elements supplementation, lowered 
VFA accumulation, and balanced nutrients. An overwhelming majority of co-digestion 
studies report positive effects when different substrates are mixed and digested 
together.  





For example, a 2.1-fold increase in gas production was reported when a 50%/50% 
mixture by weight of sewage sludge and microalgae was digested together, attributed 
to a better balance of nitrogen and carbon [68]. Co-digestion of food waste and cow 
manure at a 2:1 ratio improved the methane yield by 41.1% in batch tests, and by 
55.2% in semi-continuous digestion, also attributed to the optimal C/N ratio (15.8) 
and the higher biodegradation of lipids [58]. Additionally, a 23% improvement of the 
methane yield of a 63%/37% mixture of sewage sludge and microalgae was reported, 
which was attributed to the supplementation of minerals (micronutrients) with the 
addition of microalgae [61].  
In this work the methane yield was not improved, and no synergistic effects were 
observed between the two substrates. However the co-digestion mixtures 
consistently had a higher initial rate of production of methane, while the digestion of 
food waste alone presented a pseudo lag-phase of about 5 days. It is hypothesized 
that this could be due to a better nutrient profile in the co-digestion mixtures, similar 
to the studies cited previously. 
It is also possible that microalgae supplemented certain trace elements that helped 
the initial rate of methane production. In a long-term study of anaerobic digestion of 
food waste, it was found that the addition of trace elements, namely cobalt and iron, 
helped stabilize the reactor [29]. Similarly, in the co-digestion study of food waste and 
piggery wastewater, the long-term digestion of food waste only failed after 35 days, 
while the co-digestion mixture was stable for a long period of time, also due to the 
trace elements supplemented by piggery wastewater [28]. From Table 6, food waste 
used in this study only had 13 ppm of iron with no cobalt detected. Conversely, these 
two elements were present in the synthetic medium of microalgae (Appendix A), 
albeit also in small amounts. It is possible that this supplementation helped improve 





the initial digestion rate, but the overall methane yield was hampered by other factors, 
which will be discussed next. 
4.1.2.2 Chlorella vulgaris as an inhibitory co-substrate 
Overall it can be seen that food waste and C. vulgaris do not appear to be good co-
substrates as far as the final methane yields are concerned. Unexpectedly both 
substrates show antagonistic effects on the methane yield when digested together. 
Moreover none of the co-digestion mixtures performed better than the digestion of 
food waste as a sole substrate.  
Such negative results have been reported by González-Fernández et al. [63] where co-
digestion of a mixture of Chlorella sp. and Scenedesmus sp. and swine manure failed 
to achieve methane yields that were higher than digestion of swine manure alone. 
Similarly, the digestion of microalgae as a sole substrate was also reported to be low 
at 128 ml CH4/g COD, although this value is still very much higher than 37.7 ml CH4/g 
COD, which was the methane yield of C. vulgaris in this work. The authors attributed 
this to the hard cell wall of the microalgae used, which reduced the co-digestion effect, 
and remarked that nutrients and the C/N ratio would only be properly balanced once 
the cell wall was broken. 
Similar negative results were also reported by Samson and LeDuy [68], who 
investigated the co-digestion of Spirulina maxima and spent sulphite liquor, among 
other co-substrates. It was found that while the addition of 9.3% spent sulphite liquor 
to S. maxima gave a yield that was comparable to that of algae alone, any higher 
percentages of spent sulphite liquor produced an inhibitory effect. The authors 
attributed this to the high sulphite content in spent sulphite liquor.  
We can thus see that if one of the co-substrates is inhibitory or is difficult to degrade 
when digested alone, this may severely restrict any beneficial co-digestion effect. In 





this work it appears likely that the microalgae was inhibiting the digestion process in 
one way or another, as the digestion of the other co-substrate, food waste, did not 
encounter severe inhibition, and the methane yield of food waste was comparable to 
literature values. Possible inhibition causes of C. vulgaris are discussed further in the 
next few sub-sections. 
4.1.2.3 Hard cell wall of C. vulgaris not a limiting factor 
As explained in the literature review, the most common cited reason for the low 
degradability of C. vulgaris is the hard hemi-cellulosic cell wall which is highly resistant 
to bacterial attack. Indeed, this was the cited reason by González-Fernández et al. 
when the co-digestion of a mixture of Chlorella sp. and Scenedesmus sp. and swine 
manure failed to achieve methane yields that were higher than digestion of swine 
manure alone [63]. 
Various pretreatments can be used to circumvent this problem, and it has been noted 
that most of the results reported in the literature indicate that pretreatment is a 
crucial step of the whole process and the yields of biogas and methane are higher 
after the pretreatment is applied [69]. Here in this work we have tested both thermal 
and ultrasonic pretreatments. However, the pretreatment of microalgae decreased 
its final methane yield, an observation that directly contradicts reports in the 
literature. Table 11 shows a comparison of the final methane yields of C. vulgaris 
obtained by different authors. 
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156.4 ml CH4/gCOD 140 oC for 10 min 
 
160 oC for 10 min 
219.8 ml CH4/gCOD 
 
256.3 ml CH4/gCOD 
[44] 
138.9 ml CH4/gCOD 120 °C for 40 min 
 
120 °C + acid (pH2) for 40 min 
 
120 °C + base (pH10) for 40 
min 
267.7 ml CH4/gCOD 
 
228.8 ml CH4/gCOD 
 
240.6 ml CH4/gCOD 
 
[45] 
240 ml CH4/gVS 50 J/ml Ultrasound at 20kHz 
 
100 J/ml Ultrasound at 20 kHz 
 
200 J/ml Ultrasound at 20 kHz 
375 ml CH4/gVS 
 
420 ml CH4/gVS 
 






37.7 ml CH4/gCOD 
59.9 ml CH4/gVS 
 
100 oC for 60 min 
 
 
100 oC for 45 min 
 
 
180 J/ml Ultrasound at 37 kHz 
10.7 ml CH4/gCOD 
17.0 ml CH4/gVS 
 
9.0 ml CH4/gCOD 
14.3 ml CH4/gVS 
 
27.5 ml CH4/gCOD 
43.6 ml CH4/gVS 
This work 
Table 11. Comparison of final methane yields of Chlorella vulgaris in the literature 
 
As can be seen, pretreatment in these references enhanced methane yield. Other 
microalgae species have also shown increased methane yield when pretreated, as 
reported in [47-51, 70]. In this work however, pretreatment decreased methane yield, 
even though the pretreatments used were neither harsh nor extreme. Previous work 
done in our laboratory on the same C. vulgaris digested using inoculum from palm oil 
mill anaerobic digesters also showed similar decreases in the methane yield after 
dilute acid pretreatment [71].  
It may be postulated that pretreatment could have produced certain recalcitrant or 
toxic substances that caused the drop in methane productivity, but this is highly 
unlikely. As mentioned the pretreatments used in this work were less harsh than in 
the references above, so any inhibitory compounds that arose due to pretreatment 





should have been reported already. Furthermore, in this work ultrasonic 
disintegration also caused a drop in methane productivity, even though it had a very 
low solubilisation rate (Figure 11), indicating very little chemical hydrolysis, and thus 
a lesser chance to form toxic compounds. Also, anaerobic digestion of untreated 
microalgae itself produced yields that were much lower than reported in the literature. 
In Table 11, yields of untreated C. vulgaris in this work are 24%, 27% and 25% of the 
yields reported in [44], [45] and [46] respectively. 
This then suggests that the hard cell wall is not a limiting factor in the anaerobic 
digestion of C. vulgaris that is cultivated in our laboratory, as increased COD 
solubilisation due to pretreatment (Figure 11) should have increased the methane 
yield rather than decreasing it since an increased COD solubilisation indicates some 
hydrolysis of the microalgae. Thus it is likely that inhibitory compounds were already 
present in the microalgae. Pretreatments would then cause these compounds to be 
released immediately, therefore reaching inhibiting concentrations right at the start 
of digestion, as opposed to a slow release for untreated microalgae.  
4.1.2.4 C/N ratio and ammonia inhibition unlikely 
A possible reason for the poor performance of the co-digestion mixtures is that the 
C/N ratios for the mixtures with high proportions of microalgae were just simply too 
low to ensure good production of methane. The C/N ratios for 75% FW/25% Algae, 
50% FW/50% Algae, 25% FW/75% Algae and 100% Algae were 13.3, 10, 8.07 and 6.75 
respectively. Effects of low C/N ratios can include high total ammonia nitrogen and 
high VFA accumulation in the digester. These can decrease the methanogen activity 
and could even fail the digester [32].  






Figure 12. Ammonia concentrations after experiment in Series 1. Blank refers to 
bottles where no substrate was added 
 
However high levels of ammonia in the reactors in this study are unlikely, due to the 
low substrate/inoculum ratio of 0.5. The ammonia-nitrogen concentration after the 
experiment in series 1 was only around 500-600 mg/L (Figure 12), which is much lower 
than the inhibitory levels reported in the literature (1.7 to 14 g/L) [23]. Furthermore, 
there was not much more ammonia in the blanks than in the samples where substrate 
was added, indicating that degradation of the substrates did not release a lot of 
ammonia. Moreover, the samples were at around pH 7, where around 99% of the 
ammonia exists as ammonium ions at 35 oC [72], and less than 1% exists as free 
ammonia, which is the form that is inhibitory [7].  
Ammonia measurements for the other two series were not possible due to equipment 
failure, but a worst-case scenario could be envisioned. Assuming that all the nitrogen 
in the substrate were converted to ammonia, combined with the endogenous 
amounts in the blank, this gives an upper concentration limit of 1 g NH3-N/L for the 
pure microalgae substrate, which is still lower than the reported inhibitory levels. 
Taking into account that at neutral pH less than 1% exists as free ammonia, and that 
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not all of the substrate was degraded as shown by the low methane yields for 
microalgae, we can safely conclude that ammonia inhibition is highly unlikely.  
4.1.2.5 Long-Chain Fatty Acids (LCFA) inhibition possible 
Both food waste and microalgae are rich in lipids, which can potentially lead to LCFA 
inhibition as mentioned in the literature review. It has been reported by Cirne et al. 
that substrate lipid compositions of 5, 10 and 18% (w/w, COD basis) was not limiting, 
but a stronger inhibition was observed for 31, 40 and 47% [56]. In this study the 
digestion of food waste alone did not encounter severe inhibition, although it is on 
the low end of the methane yields reported in the literature, which ranges from 220 
to 489 ml CH4/g VS [26]. This suggests that in food waste the lipid content was not 
high enough to be inhibitory, at least not for a batch experiment at a 
substrate/inoculum ratio of 0.5. 
For C. vulgaris however, an estimated lipid content of 37% (w/w, COD basis) falls 
within the inhibitory range. This estimation was done as follows: The lipid content was 
determined to be 20% by weight in a previous work done within the same laboratory 
by a PhD student using similar cultivation methods [73], using a chloroform-methanol 
extraction method adapted from Bligh and Dyer [74]. It was also observed that more 
than 95% of the fatty acids in C. vulgaris were C16 and C18 [73]. Assuming a 
theoretical COD of 2.88 gCOD/g lipid (palmitic acid (C16:0) has 2.87 gCOD/g, while 
oleic acid (C18:1) has 2.89 gCOD/g [75]), a calculation for C. vulgaris using the COD 
value in Table 5 gives an estimated lipid content of 37% (w/w, COD basis). 
Moreover, it has been reported that the inhibitory concentration for oleate was 50-
75 mg/L [53]. C. vulgaris was shown to have a fatty acid composition of around 5% 
oleic acid under similar cultivation conditions [73, 76]. An estimated concentration of 
oleic acid in this work if all the oleic acid were released from the microalgae gives 





about 60-88 mg/L. This is within the inhibitory range reported. A similar estimation 
for palmitic acid yields 700 to 1000 mg/L for C. vulgaris in this work, which is lower, 
but not much lower, than the 1100 mg/L of palmitic acid reported by [54]. 
It is perhaps possible then that the low final methane yields of pure microalgae 
substrate and of the co-digestion mixtures were due to LCFA inhibition, which would 
be exacerbated by pretreatment as this would break open the cells and release all the 
lipids. This is however only postulated while estimating the LCFA concentrations 
based on substrate concentrations and compositions used in this study. An actual 
measurement would have to be undertaken to confirm this, and a test designed to 
check that these concentrations are indeed inhibiting for the inoculum used in this 
study.  
Nevertheless, LCFA inhibition has not been reported in the literature as a limiting 
factor in the anaerobic digestion of microalgae. Studies have always quoted the hard 
cell wall which limits biodegradability, which is improved when pretreatments are 
applied [42-44, 46, 49-51, 63]. As such LCFA inhibition remains only as a hypothesis, 
albeit a likely one. 
4.1.2.6 Growth medium of microalgae 
All living organisms adapt to their environment, and even within one species of 
microalgae, different strains may exhibit similar morphological attributes but 
significant physiological differences or ecological preferences [77]. It is also known 
that microalgae have the ability to alter their biomass composition under stress 
conditions, and accumulate along with lipids and carbohydrates specific secondary 
metabolites such as pigments, vitamins, etc [78]. Thus the growth medium and 
conditions affect the composition of the microalgae, which would in turn affect its 
biodegradability. 





In a report by Yuan et al. [79] on the co-digestion of waste-activated sludge and 
microalgae (Spirulina platensis and Chlorella sp.), the authors reported that the algal 
biomass was well digested by itself under anaerobic conditions, and that digestion 
resulted in approximately 57% volatile solids reduction (VSR). This is contrasted with 
44% VSR reported by Golueke et al. [80], who studied a mixture of Scenesdesmus sp. 
and Chlorella sp. The authors postulated that this was due to the different species and 
different cultivation media and conditions used. More specifically, in the work by Yuan 
et al., the algae was cultivated on synthetic medium, while in the work by Golueke et 
al. the algae was grown on raw sludge from a sewage treatment plant, and in open 
ponds. 
Comparing the growth media in the references cited in Table 11 (Comparison of final 
methane yields of Chlorella vulgaris in the literature), we have C. vulgaris grown in 
synthetic medium using ammonium as a nitrogen source in [44] and [45], and filtered 
and autoclaved swine wastewater in [46]. In contrast, C. vulgaris grown in this study 
was cultured in synthetic medium, Bold’s Basal Medium with 3-fold nitrogen and 
added vitamins (Appendix A). It is thus not inconceivable that the different growth 
media led to different compositions which may possibly explain the different methane 
yields observed. 
4.1.2.7 Other possible inhibitory causes 
Ward et al., in their review of the anaerobic digestion of microalgae [41], suggests two 
other possible inhibition causes in addition to the problems already highlighted in the 
literature review and the previous sections: 1) Saline microalgae and sodium toxicity, 
and 2) Sulphur poisoning. As a freshwater species, the first does not apply to C. 
vulgaris, and as sulphur was not present in the synthetic medium (Appendix A), there 
should not have been sulphur poisoning.  





Perhaps it is just simply that the bacteria consortium in the inoculum used in this study 
are sensitive to certain compounds produced by microalgae. Anaerobic digestion of C. 
vulgaris by another researcher in the same laboratory have reported similar yields 
that are much lower than yields reported in the literature [81]. It should be noted that 
in this study the inoculum was not acclimatized to microalgae. It is possible that 
acclimatized inoculum could improve the digestibility of microalgae.  
It is worthwhile to note that the digestion retention time was only 18 days for series 
1 and 3, and 24 days for series 2. This was decided because the biogas production had 
slowed dramatically after these periods of time, as shown in Figure 6 to Figure 8. 
However Wang et al. [82], in their report on co-digestion of Chlorella sp. and waste-
activated sludge, observed a lag time of 20 days for the digestion of pure microalgae 
alone. They attributed this lag time to the hard cell wall of the microalgae. While it 
has been shown in this study that the hard cell wall was unlikely to be the reason 
behind the low digestibility of microalgae, it is possible that the inoculum required a 
long period of time to acclimatize to microalgae for other reasons. Thus shorter BMP 
assays like those done in this study may be underestimating the potential methane 
yield of microalgae and of the co-digestion mixtures.   
4.1.2.8 Implications on the Co-digestion Feasibility of Food Waste with Microalgae 
In this work the low digestibility of C. vulgaris that is potentially due to LCFA inhibition 
or unsuitable/unacclimatized inoculum restricted the co-digestion effect that we 
were able to observe. Unfortunately, with the mixing ratios tested, mixing food waste 
and microalgae was not able to suitably dilute any inhibitory compounds to an extent 
where positive co-digestion effects could be seen.  
On the other hand, microalgae offers several advantages for co-digestion, notably 
micronutrients supplementation [61] and improved alkalinity and nutrients [62]. This 





was seen in the higher initial methane production rates by the co-digestion mixtures. 
Another possible advantage is that the composition of microalgae can be tailored 
depending on cultivation conditions [83], which makes it very interesting as a co-
substrate. Should the digestibility of microalgae be improved, or if another species 
were used that has a good methane productivity, perhaps then it is possible to 
observe improved methane yields from co-digestion with food waste. As it stands 
however, it appears that food waste and C. vulgaris are not suitable co-substrates. 
  





4.2 Microalgae Cultivation on Anaerobic Digestion Effluent 
4.2.1 Cultivation of C. vulgaris on 12.5% AD effluent 
 
Figure 13. Growth of C. vulgaris in synthetic medium (3N-BBM+V) and in 12.5% 
autoclaved AD effluent 
 
Figure 13 shows the growth of C. vulgaris over 5 days expressed as the absorbance at 
680 nm. As can be seen 12.5% autoclaved effluent resulted in growth rates very 
similar to that of synthetic medium (3N-BBM+V) over the first 5 days. More 
measurements were supposed to be made on the 7th day, but the spectrophotometer 
in the laboratory broke down. To compensate, a microplate reader was used to 
measure the absorbance on the 11th day. However the absorbances cannot be 
compared across different measurement methods, due to differing light path lengths. 
That said, the measurement is still useful for comparison between the different media. 
Table 12 shows the absorbance measured by the microplate reader on the 11th day. 
As can be seen, on the 11th day of cultivation, the absorbance for 12.5% AD effluent 
was significantly lower (p = 0.037 < 0.05) than that of synthetic medium. Throughout 




























12.5% Autoclaved AD Effluent
12.5% Autoclaved AD Effluent
Blank (no algae)










AD Effluent Blank 
(no algae) 
Absorbance at 680 nm 
on the 11th day 
0.478 (0.09) 0.254 (0.019) 0.048 (0.007) 
Table 12. Absorbance at 680 nm measured on the 11th day of cultivation of C. vulgaris 
on synthetic medium and AD effluent. Standard deviation in brackets 
 
These results show that AD effluent could be a suitable growth medium for C. vulgaris. 
It was fairly surprising to see that the exponential growth phase (day 1 to 5) of C. 
vulgaris cultivated in AD effluent was so closely matched with the synthetic medium. 
This indicated that AD effluent contained all the necessary nutrients for growth, as 
mineral substrates and light energy are saturated during the exponential growth 
phase [84]. This was reassuring because in the elemental analysis of the effluent 
(Table 9) certain trace metals were not detected or in very little amounts, such as 
cobalt and iron. Cobalt is essential for vitamin B12 production [85], and iron is an 
essential metal in heme proteins, such as cytochromes, which are constituents of 
redox systems in chloroplasts [86]. Also, nitrates were not detected, indicating that 
most of the nitrogen may have been in the form of ammonia. There was thus a risk of 
ammonia inhibiting algal growth [87], but it appears that at this selected dilution rate 
the ammonia concentration was not inhibitory.  
After 11 days however the absorbance of C. vulgaris cultivated in AD effluent dropped 
to slightly more than half of that cultivated in synthetic medium. As there was no 
particular limiting mineral in the exponential growth phase, it is likely that the 
microalgae had simply exhausted the available nutrients in the AD effluent. The 
dilution rate of 12.5% of AD effluent was chosen with consideration to the clarity of 
the resulting medium for light penetration, rather than matching the COD or total 





nitrogen content to synthetic medium.  Nevertheless, the similar exponential growth 
phases indicate that AD effluent is a suitable growth medium for C. vulgaris. 
4.2.2 Comparison with literature 
Studies have found that anaerobic digestate is generally a good growth medium for 
microalgae, indicating that coupling microalgal cultivation to anaerobic digestion 
processes is promising. While studies on C. vulgaris cultivation on AD effluent are few, 
there are many other studies on other microalgae species that report good growth 
rates. 
For example, Fouilland et al. [88] reported that the highest maximum production rates 
of Scenesdesmus sp. of 115 mg DW/L/day were achieved when the microalgae was 
growing on 20% of its own digestate effluent (AD effluent where the feed in the AD 
process was the microalgae itself). Ruiz-Martinez et al. [89] reported a mean biomass 
productivity of 234 mg/L/day when growing mixed microalgae (Chlorophyceae and 
cyanobacteria) on effluent from submerged anaerobic membrane digesters digesting 
wastewater.  Uggetti et al. [90] studied the growth of mixed microalgae (mostly 
Scenesdesmus sp.) on wastewater treatment plant AD effluent, and concluded that 
the effluent can be a good substrate for microalgal growth, with biomass yields of up 
to 2.6 g TS/L.  
As can be seen there are good precedents for the suitability of AD effluent as a growth 
medium for microalgae, so similar results in this work are not unexpected. Although 
biomass yields were not measured in this work, a comparison with synthetic medium 
was done, which was omitted in the references cited above.  Since algal growth rates 
tend to be higher in artificial medium compared to real wastewater [87], it only 
emphasizes the suitability of AD effluent as growth medium when observing in our 





results that the growth rates were comparable between cultivation in AD effluent and 
in synthetic medium. 
4.2.3 Autoclaving and microalgae-bacteria colonies 
 
Figure 14. Growth of C. vulgaris in synthetic medium (3N-BBM+V) and in 12.5% non-
autoclaved AD effluent 
 
However, when the experiment was repeated without autoclaving the effluent 
(synthetic medium was still autoclaved to provide a control for the inoculum) 
microalgae could not grow. Indeed, in Figure 14 the absorbance curves of the AD 
effluent with and without algae added were similar, and markedly different from the 
control. Visually the reactors with AD effluent turned a slight cloudy white as 
absorbance increased. In the AD effluent reactors with algae inoculum added, clumps 
of algae settled at the bottom and even on the magnetic stirrers were also observed 
after several days, indicating that the inoculum added had died and aggregated. This 
was in sharp contrast to the homogenous green suspension that indicated living 
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The most likely reason for the failure of microalgae to grow in unsterilized AD effluent 
is probably due to the inhibitory and competitive effects of indigenous bacteria and 
protozoa [87]. It was observed that the non-sterilized AD effluent turned cloudy 
within a few days. In contrast, when autoclaved, the sterilized AD effluent blank with 
no algae added remained clear for more than a week, with its absorbance remaining 
constantly very low (Figure 13). This thus indicates that other microorganisms such as 
bacteria was growing very well, and probably out-competed the microalgae for 
resources. 
This thus suggests that AD effluent could be a good growth medium in terms of 
nutrient composition, but important aspects such as biotic components need to be 
taken into account when scaling up the process. This is because the autoclaving of 
effluent at the industrial scale is simply not economically feasible. However, the three 
studies cited in the previous section [88-90] did not autoclave their wastewater before 
cultivating microalgae in it, and yet they were able to obtain good growth rates. 
Perhaps the reason for this contradiction with the literature is that in this study the 
microalgae tested was a pure culture, while the microalgae used in these three studies 
were either a mixture of species within the same genus [88] or mixed microalgae and 
bacteria consortia [89, 90]. As such the mixed populations were likely to be more 
robust and thus grow better in the studies cited. 
4.2.4 Implications on coupling microalgae cultivation to anaerobic co-digestion 
of food waste and microalgae 
Results show that AD effluent is a suitable medium for growing C. vulgaris, which can 
help reduce and offset the economic and environmental cost of purchasing nutrients 
for algae cultivation. However C. vulgaris was unable to grow when the effluent was 
not autoclaved, and was out-competed by other bacteria. The robustness of mixed 





populations was proposed as a reason for cited studies not encountering the same 
problem. Thus, there appears to be some advantage if the microalgae being cultivated 
was not a pure culture, but rather a mixed population. In any case it has been 
observed that pure cultures were impossible to maintain in large-scale operations. In 
this respect, symbiotic consortia of microalgae and bacteria may be particularly 
interesting to ease the cultivation process. 
In a true coupled process as shown in Figure 5, eventually the only input into the 
process would be food waste. This was the rationale for using only food waste as the 
sole substrate in the 2L semi-continuous reactor from which AD effluent for 
cultivation was collected. Even though it has been shown that microalgae can grow 
well on it, the composition of microalgae, especially its trace mineral profile, is limited 
by the inputs, which is ultimately only food waste. As mentioned in the previous 
discussion on co-digestion and also in the literature review, the digestion of food 
waste alone invariably leads to inhibition. In fact this can be observed in the 2L semi-
continuous reactor used in this study to provide AD effluent (Appendix B). This 
inhibition has been shown to be resolved by adding trace minerals [26, 28, 29]. Thus, 
even if co-digestion of food waste and microalgae could improve methane yield and 
productivity, without any additional input of trace minerals, the process may still 
eventually lead to failure. 
Nevertheless, preliminary feasibility tests on the cultivation of microalgae on AD 
effluent show that AD effluent is suitable, which is promising for the coupling of 
cultivation systems to anaerobic digestion. The major hurdle would thus be in 
identifying suitable microalgae strains or growth conditions that would improve the 
co-digestion methane yield. 
 







Co-digestion feasibility tests were conducted on food waste and Chlorella vulgaris. 
Mixing ratios studied were 25%, 50% and 75% of food waste replaced by microalgae. 
In a second series of experiments microalgae was also pretreated thermally and via 
ultrasound before co-digestion. Results show that none of the co-digestion mixtures, 
untreated or pretreated, reported a higher final methane yield than the digestion of 
food waste alone, nor did any report synergistic effects between the co-substrates. 
However co-digestion mixtures had a higher initial methane production rate than 
digestion of pure food waste, possibly indicating an improved and balanced nutrient 
profile arising from mixing the two substrates. 
The results also revealed that pretreatment of microalgae resulted in lowered 
methane productivity, contrary to expectations and to studies reported in the 
literature. Multiple possible causes of inhibition were discussed, with long-chain fatty 
acids and unsuitable inoculum being likely causes. Ammonia toxicity was both 
measured and estimated to be highly unlikely. 
It was hypothesized that mixing the substrates would result in an improved methane 
yield due to a better balanced nutrient profile and dilution of possible toxic 
compounds. This was disproved by the results. In addition, it appeared that co-
digestion failed to dilute any inhibitory compounds to an extent where methane yield 
could be improved.  
On a positive note, microalgae cultivation tests on AD effluent showed that AD 
effluent does indeed contain sufficient nutrients for microalgal growth. However this 
was only after the effluent was autoclaved. Unsterilized effluent was unsuitable for 





microalgal growth, as other bacteria and fungi out-competed it for resources. This 
part of the hypothesis was validated. 
In conclusion, food waste and Chlorella vulgaris do not appear to perform well 
together as co-substrates for anaerobic digestion.  The low digestibility of microalgae 
probably explains to a large extent the lack of improvement of methane yields and of 
synergism of co-digestion. It is envisioned that there could be better synergism if the 
inhibitory causes of microalgae digestion were resolved, or if the species were 
changed to one which is more degradable. Since AD effluent can be an effective 
growth medium for microalgae, there is thus impetus to find an effective way to 









6 Future Work 
 
As discussed, LCFA inhibition was hypothesized to be the cause of inhibition in the 
anaerobic digestion of Chlorella vulgaris. It is thus necessary to measure the 
concentrations of various fatty acids and then compare them to literature. The 
inoculum could also be acclimatized to microalgae to see if degradability improves 
over time. Additionally, more co-digestion ratios could be tested, for example ratios 
with much less microalgae, eg. 95% FW/5% algae, or 90% FW/10% algae. Ratios could 
also be determined on the basis of C/N ratios. 
It was also noted that the growth medium dictated the resulting composition in the 
microalgae. It is possible that AD effluent-grown microalgae could be co-digested with 
food waste. This would also be a more accurate test of feasibility than using 
microalgae grown on synthetic medium. Once an optimal ratio is identified, a long-
term study of the coupled anaerobic digestion and microalgae cultivation system 
could be carried out. 
Chlorella vulgaris was chosen predominantly because it was readily available in the 
laboratory, and it had robust growth characteristics. Other species such as Dunaleilla 
tertiolecta could also be used, although it is a marine algae species which would cause 
additional complications due to saline toxicity. On the other hand, D. tertiolecta does 
not have a cell wall, which makes it relatively much easier to digest, and resuspension 
in water would implode the cells due to the hypotonic pressure. Cultivation of saline 
microalgae also does not require additional autoclaving or sterilization steps as the 
high salinity discourages bacterial growth anyway.  
In closing, the co-digestion of food waste and microalgae offers several interesting 
benefits that would be advantageous over other co-digestion systems if proven. Much 





more work can be done to investigate if the two are complementary co-substrates or 
not.  
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Table 13. Composition of synthetic medium 3N-BBM+V (Bold’s Basal Medium with 3-
fold Nitrogen and Vitamins; modified) 

























Figure 15. Methane productivity and pH of the 2L semi-continuous digester with 0.5 
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